Abstract: This study deals with the development of drum brake liner for a multi-utility vehicle possessing a hydraulic brake system by varying 7 weight % of steel fiber and stainless steel fiber each, in friction composite formulations. The developed friction composites were tested for physical, chemical, corrosion, mechanical, thermal properties, and tribological characteristics, under near-actual conditions using an inertia dynamometer as per industrial standards. Finite element analysis software (ANSYS) analysis was performed to show the thermal stress distribution of the developed friction composites at the maximum temperature rise due to heat generated during brake stops, and an extensive evaluation method was used to rank the composites. The study concludes that the brake factor of the stainless steel fiber-based friction composite produces stable performance in all conditions with a lower liner temperature rise of 340 °C and lower thermal stress at 4.255294 MPa. However, the steel fiber-based composites produced high performance at the beginning but deteriorated after a certain period due to higher levels of corrosion and a high temperature rise of 361 °C resulting in a negative fade (−0.84%) and more thermal stress (5.619102 MPa). The primary plateau, secondary plateau, back transfer of drum wear debris, and the distribution of constituents on the worn surface of the developed composites in a resin matrix were identified and studied using a scanning electron microscope (SEM) equipped with energy-dispersive spectroscopy.
Introduction
The brake is a mechanical component for converting kinetic energy into thermal energy using friction [1] . A brake system is classified as a drum brake or disc brake based on its mating surface (construction). Drum brakes contain a set of brake liners made up of friction material bonded or riveted to a curvilinear backing plate and pressed against a rotating part called the rotating drum. In the case of a disc brake system, a disc rotates with the wheel and when the brakes are applied, a set of pads made up of friction material bonded with a backing plate present in the caliper assembly actuate towards the disc, causing the vehicle to stop. Due to energy transformation in this zone, heat dissipation takes place in the form of conduction and convection. This heat also causes the formation of friction film at the mating interface by degrading low, thermally stable, and polymeric ingredients [2] . Thus, the brake friction materials are a cocktail of 15 to 20 ingredients required to achieve desired characteristics like stable friction, low wear rate, low noise, and improved performance in all environmental conditions. Based on the function of the ingredients, they are broadly classified into four main categories namely: binders, fibers, friction modifiers, and fillers. Asbestos based friction composites were banned by the Environmental Protection Agency in 1989 because of its carcinogenic nature. Presently, copper usage in brake friction material formulations has reduced and it is on the verge of being banned in some developed countries because it is to aquatic life [2] . Thus, non-asbestos based friction composites are currently widely used, and these are further classified as: semi-metallic, low metallic and organic. However, the need for improved performance under harsh and heavy load conditions has led to the use of hybrid friction composites, which are a combination of two or more fibers. The fibers can be metallic fibers, organic fibers, glass fibers, ceramic fibers, carbon fibers, etc. There are some findings in the literature which incorporate steel fibers in the friction composites. Bijwe and Kumar [3] studied the effect of steel wool contents in organic brake friction composites by developing three different brake pads, varying steel wool, and compensating with synthetic barites.
The developed friction composites were tested for tribological and thermal conductivity behavior as per industrial standards. It was observed that an increase in steel wool content in the friction composite increases the thermal conductivity and frictional properties, but this was accompanied with increased disc wear. Jang et al. [4] investigated the influence of copper, steel, and aluminum fibers on the friction and wear characteristics of brake friction materials. It was shown that steel fiber-based friction materials create rotor wear and disc thickness variation, thus leading to brake judder. Park et al. [5] made a comparative study on the tribological behavior of brake friction materials made with and without steel fibers. It was proved that steel fiber-based friction materials result in negative fade, causing more noise and damage to the rotor. Fade is a phenomenon in which the frictional properties deteriorate with increase in temperature. Though steel fiber-based friction materials have a good service life, brake friction composites were developed using steel fiber, brass fiber, and copper powder, and the effect of these constituents on the coefficient of friction were studied on the reduced scale prototype friction tester [6] . It was proved that metallic contents in the friction composites enhance the friction and wear characteristics, especially with copper powder-based friction composites; also, the steel fiber-based friction composite has a lower wear rate under low speed and low pressure conditions. The effect of the thermal stability and thermal conductivity of steel fibers on fade and recovery characteristics of a semi-metallic disc brake pad was studied, and it was concluded that higher steel fiber-based brake pads produced more friction, also leading to more disc wear [7] . Recovery is defined as the property of regaining the friction properties upon cooling the braking surface. Corrosion plays a crucial role in performance deterioration of friction materials. Though steel fiber produces good frictional properties under certain dry conditions, during wet conditions, there is formation of a rust layer which causes poor performance [8] . From the literature discussed, it is apparent that steel fiber in friction composites causes higher levels of mating surface wear (disc thickness variations), leading to noise. It also causes corrosion on the surface of the friction materials upon prolonged exposure to wet conditions. It is clear from the literature that no alternative has been studied in comparison with the steel to provide a positive solution to these problems. Hence, stainless steel fibers were chosen as an alternative to steel fibers in the development of friction composites in this study. This study deals with the use of stainless steel fiber in drum brake liner formulation for application in multi-utility vehicle. The physical, chemical, thermal, corrosive, and tribological characteristics of stainless steel fiber-based friction composites are investigated and compared with those of steel fiber-based friction composite.
Experimental methods

Materials
Stainless steel fiber of American Iron and Steel Institute (AISI) 434 grade and steel fiber of K-15 grade were chosen as the variable ingredient among other ingredients, which are presented in subsequent sections as parental ingredients for the friction composite formulation. The specifications as obtained from the raw material suppliers of steel and stainless steel fibers are given in Table 1 . It is inferred that Figs. 1(a) and 1(b) show scanning electron microscope (SEM) images of steel fiber and stainless steel fiber showing the respective diameters. Figure 1(c) shows the Weibull distribution plot for the diameters of the fibers in which the standard deviation of stainless steel fibers are 8.302 and 27.25 μm for steel fibers. Thus, it is inferred that there is more variation in diameter for steel fibers. This variation is mainly due to hardness that causes a brittle nature which leads to difficulty producing the fibers.
Development of the composites
The developed friction composite for drum brake liner consists of sixteen ingredients: one variable ingredient (7 weight %), being steel fiber or stainless steel fiber, and fifteen parental ingredients (93 weight %). The parental ingredients are: fibers (inclusive of additives) (10 weight %)-aramid, hydrated lime powder, and arbocel; binders (primary and secondary with additives) (21 weight %)-straight phenolic resin, NBR, crumb rubber, and sulfur; friction modifiers (lubricants and abrasives) (19 weight %)-iron sulfide, synthetic graphite, and zirconium silicate; fillers (functional and inert) (43 weight %)-exfoliated vermiculite, friction Fig. 2 . The development of the friction composites was done as per the conventional manufacturing process that included mixing in a plough shear mixing machine. This is followed by being preformed, then curing in a compression molding machine for condensation polymerization of the resin mixture. To remove residual stress, post curing is done as a step baking process in a hot air oven. The details of the process are given in Appendix I.
Physical, chemical, mechanical, and thermal characterizations of the developed friction composites
The physical, chemical, mechanical, and thermal properties of the composites were determined as per industrial standards. Three samples were tested in each test to check the consistency of the results, and a 5% standard error was accepted as per industrial standards. The calibrations of the testing equipment was done as per the national traceability standards by NABL certified laboratories. Specific gravity was measured using specific gravity apparatus that works on the Archimedes principle. Hardness was measured on a Rockwell hardness testing machine based on the 'L' scale with a steel ball indenter of 6.35 mm diameter and applied load of 600 N. The cross breaking strength was measured for the developed friction composite by cutting a sample of width 50 mm at the center at a room temperature not exceeding 40 °C . The load was applied squarely across the width of the specimen using a third block having a 3.175 ± 0.125 mm radius bearing parallel to the midway. The loss on ignition of the developed samples was found by taking 5 to 10 grams of sample in a silica crucible kept in a muffle furnace at 800 °C for two hours. The uncured resins contents were determined using acetone extraction in a Soxhlet apparatus. The heat swell of the samples was determined by cutting the liner to a dimension of 10 mm × 10 mm × 4 mm at room temperature. The sample was held at 200 ± 3 °C for about 40 minutes in a hot air oven. The water swell was determined by cutting a sample from the developed friction composite to a size of 50 mm × 25 mm and soaking it fully in water at room temperature for 30 minutes. The difference in thickness was noted. These tests were conducted as per IS2742 Part 3 standards. The porosity was measured as per JIS D 4418 standards. Thermal conductivity was measured using a laser flash apparatus as per ASTM-E1461 Part-01 standards. The chase test following IS 2742 Part 4 standards was conducted to determine instantaneous friction and wear loss. The detailed procedure can be found in the study by Thiyagarajan et al. [7] .
2.4
Torque, brake factor, and wear measurements for the developed friction composites using an inertia brake dynamometer
The braking performance of the developed friction composites was measured using a single end inertia brake dynamometer as per IS 11852-Part 3 standards (customized schedule , rolling radius of 0.340 m, effective radius of 0.139 m, and liner thickness of 6.2 mm. The drum diameter is 279 mm, and other specifications of the drum are as per our previous study [7] . Brake factor is defined as the ratio of drum drag to the shoe tip effectiveness. Drum drag is defined as the ratio of the brake torque to the effective radius of the drum. Shoe tip effectiveness is defined as the product of input pressure and the effective area of the wheel cylinder. The brake factor was determined using equations given in Appendix II (a). The torque output was recorded using a data acquisition system that is calibrated through process variable equipment: pressure sensors, output temperature sensors (K-type thermocouples), speed sensors (encoders), and torque measurement (load cell) as per National Traceability Standards by NABL certified laboratories to maintain accuracy of the results. A schematic representation and photographic view of the dynamometer are presented in Fig. 3 . The pre-burnish check was done to ensure the friction composite surface was free from asperities present after grinding during its manufacture. Unbedded performance was done for the friction composite, to check whether the material performance is within the desired limits, well before bedding, as the friction composite had to work on the road, once it was fitted to the vehicle. Fade is defined as deterioration of frictional properties with increase in temperature, and the regaining of its original properties upon cooling is known as recovery. The fade test was done by repeating the braking action and increasing the temperature before starting the test procedure. Recovery was achieved by passing forced air through the blower to the mating interface. Because the friction composites must perform in wet environments in addition to dry environments, a water recovery test was also performed.
The brake jamming test was carried out to test the performance of the friction composites in early morning condition. Furthermore, the friction composite ought to be checked for wear at the end of high temperature. Therefore, a wear measurement was also performed at a higher temperature, though the fade test was done for such a case. But the fade test was followed by recovery so that it was impossible to measure the wear loss of the sample. Also, the temperature cannot be raised to such a level before the recovery test because effective contact would be established and the friction composite would be stable in friction and wear characteristics. The liner and drum thickness were measured after the bedding performance and high wear performance tests. The test procedure and its parameters are given in detail in Table 2 .
The pressure fade and speed fade percentages are calculated based on formula (1):
Pressure fade % or speed fade % = max value min value 100 max value
Pressure fade is calculated using the maximum and minimum brake factor values obtained from the set of pressures applied. Similarly, for speed fade, it is calculated from the maximum and minimum values obtained from the set of speeds. The thermal stress distribution at the developed friction composite mating interface during maximum temperature rise was analyzed using Finite element analysis software (ANSYS). The analysis was performed using ANSYS R 15.0 software in which a three-dimensional (3D) rendering of the developed friction composite model was drawn using CREO. It was imported in Initial Graphics Exchange Specification (IGES) format to the analysis software. The parametric details were chosen based on the characterization results given in Table 3 and a Poison's ratio of 0.3. And the ambient temperature (lower limit temperature) considered was 35 °C . Output torque and brake factors were only reported for the drum brake liner because the output torque would be more than the input torque; because the two liners' leading and trailing sides are actuated against the drum and thus the value would be high. The coefficient of friction has a profound effect on the brake factor, particularly for a leading shoe. To calculate the coefficient of friction value, the plot provided by Day [9] was used, as shown in Appendix II (b). The worn surfaces of the friction composites were characterized using a TESCAN VEGA 3LMU SEM machine of the Czech Republic which has a tungsten heated cathode electron gun. 3D surface profiles were obtained using a non-contact type white light interferometer.
Corrosion behavior of the developed friction composites
The developed friction composites were tested for corrosion behavior in four different environments: normal water treatment, NaCl solution treatment, brake oil environment, and a humidity chamber. In normal water environment, the samples were tested in a water environment maintained at room temperature (kept untouched) for 72 hours. In NaCl solution environment, the samples were tested (in 5% NaCl) for 72 hours under room temperature conditions. For the above tests, the pH was noted before and after the test using litmus paper and the samples were visualized intermittently for 24 and 48 hours. In the case of the brake oil environment, the samples were tested in dot-3 brake oil for 72 hours under room temperature conditions. In humidity chamber testing, samples were placed in a humidity chamber for 72 hours temperature maintained at 40 °C with relative humidity 90%-95%. For all test samples above, the corrosion was reported using macro photos, roughness profile using a 3D white light interferometer, and weight loss before/after the test. The pH was also measured for the solution before, after, and intermediate of the test to confirm that the corrosion effect was only due to the material and not due to the solution effect.
Results and discussion
Physical, chemical, mechanical, and thermal characterizations of the developed friction composites
The test results of physical, chemical, mechanical, and thermal characterizations of the developed friction composites carried out as per the industrial standards are given in Table 3 . The specific gravity, hardness, and cross breaking strength of the FM01 are higher than that of the FM02 due to the presence of highly dense steel fibers which possess slightly higher carbon content than stainless steel and makes the composite harder and more brittle. The heat swell was also slightly higher for the FM01 due to the highly conductive steel fibers. This property also contributes to better curing of composites as inferred from a reduction in the acetone extraction value. Loss on ignition value is slightly less for the FM01, due to the presence of a higher percentage of iron and carbon content in steel fibers (as shown in Table 1 ) that are highly resistant to thermal degradation [7] . The porosity of the FM02 is higher than that of the FM01, which is because stainless steel fibers have better size and good fiber shape, as shown in Table 1 and Fig. 1(b) . It is a well-known fact that the higher the hardness, the lower the porosity, due to tighter compaction of the ingredients, as explained in Ref. [10] . The thermal conductivity of the FM01 was higher than that of the FM02 because the thermal conductivity of steel fiber is superior to that of stainless steel fiber [3, 7] .
The normal and hot friction values of the FM01 are higher due to the more abrasive and heat stable nature of steel fibers, which enable high friction in both aspects [7] . The higher the friction, the higher the heat generation at the interface. This leads to the degradation of less stable ingredients, enabling more weight and thickness loss in the FM01.
Tribological characterizations of the developed friction composites
Unbedded and bedded performance
Unbedded performance plays a vital role when the newly manufactured brake friction composite is fitted to the vehicle. A stable coefficient of friction (the brake factor in this study) with lower wear rate is the prime requirement for the friction material, and this is essential throughout its service life. The FM02 stainless steel-based friction composites showed better performance results in the unbedded performance because stainless steel fibers were present at the interface, and these possess good fiber characteristics as inferred in previous sections. Before bedding, the real fibers come in contact with the mating surface. In Fig. 4 , the FM01 composites showed more undulations in the plot, which could be due to the hard steel fibers coming in contact with the mating surface, and due to its severe abrasion action over the mating surface there are more variations in the brake factor. This higher abrasive nature of steel fibers is due to its higher carbon content, leading to microstructural changes that cause higher levels of hardness. It is stated in the literature that the fluctuations in the plot are due to the mismatch with Amonton's law. The law states that friction is independent of the contact area. But in the case of polymeric based friction composites, it is inapplicable because it is made up of versatile ingredients which influence friction by making contact with the mating surface [2, 11] .
Bedded performance
Bedded performance of the friction materials is studied upon the establishment of 80 percent contact with the mating surface. It includes several applications to study the performance behavior of the friction materials. The pressure and speed play a crucial role in determining the friction (brake factor in this study) and wear characteristics. In the pressure-speed study, the brake factor decreases with increase in pressure, and low undulations in the curve are essential for improved performance. A similar trend can be seen in the FM01 composites in Fig. 5(a) , but the FM02 composites, as shown in Fig. 5(b) , produced more undulations in the curve. It is due to the exposure of stainless steel fiber to the mating surface, leading to abrasion and causing a change in brake factor value. Though brake undulations were present, the brake factor was maintained at the desired level to meet the vehicle braking criterion. This result is similar to the findings of Fu et al. [12] . In this study, the brake factor value is higher in the case of the FM02, as shown in Fig. 5(b) , compared to the FM01 as observed in Fig. 5(a) . The feasible reasons for such an increase in values are as follows: the friction levels increase with metal fiber content and also depending upon the strength, size, shape, and nature of the metallic ingredients, as observed in this study, which is in tandem with Ref. [13] . Stainless steel fibers, which possess ferrite with distributed carbide structure helped to increase the friction by interacting with the counterpart by its exposure. A similar trend was seen in Ref. [12] . Another factor could be that when the metal particles/fibers get worn out and entrapped in the interface, they evenly cause the friction boosting [14] . The reduction in brake factor is due to the irregular shapes of the steel fibers, forming peak asperities and it gets sheared up leading to the reduction in friction. Though steel fibers-based friction composites possess high hardness, it could not produce higher friction (brake factor) value that could be due to polymeric ingredients degradation which is explained in forthcoming sections. A similar trend was seen in the literature, though the hardness is higher for the mullite fiber-based friction material than for the steel fiber-based friction composites, the friction value is lower for mullite [15] . The higher friction value of FM02 is also due to the higher porosity as stated by Thiyagarajan et al. [7] , by Jaafar et al. [10] since it enhances better heat dissipation leading to enhanced results. This study shows that with lower speed and higher pressure, FM02 has good friction behavior which could reduce the noise in accordance with Refs. [5, 16] . The pressure fade percentage is given in Fig. 5(c) , in which the FM01 showed better performance results by producing lesser fade due to the better strength of the steel fibers. In the case of the speed fade as shown in Fig. 5(d) , the FM02 showed lesser fade percentage when compared to the FM01. There are fluctuations in the values witnessed in Figs. 5(c) and 5(d) for both composites. These graphs were plotted by considering the higher and lower values of the bedded performance based on the respective speeds and pressure. Upon the change in pressure with speed, the curve increases leading to an increase in the output torque as shown in Fig. 5(e) . The decrease in value with an increase in pressure and speed could be due to the real contact of the ingredients with the mating surface which could sometimes enhance friction, i.e., when fibers are in contact with mating, it can also decrease friction when there is more degradation of polymeric ingredients at the interface leading to visco-elasticity of polymeric materials and liberation of carbon dioxide. But in the case of the brake factor, it is also dependent on the input (applied force) which varies. Thus, there is a deviation in value. These are also seen in Refs. [12, 14, 17, 18] . These broader fluctuations in friction can cause the unstable behavior of the friction films at the interface subjected to mechano-chemical and surface energy interactions, which varies with the composition nature and metallic ingredients nature used [19] . In this study, there is an increase in brake factor with lower speeds in the case of FM02 composites due to the better contact of stainless steel fiber with the mating surface. But in the case of higher speed, it is quite the opposite, where the brake factor decreases drastically for both the composites. A similar trend was described by Blau and McLaughlin [20] where friction materials are near to the fade region leading to the local flash temperature, which is higher than the bulk temperature of the material leading to the softening of pad material and a decrease in shear strength. It is also very clear from the frictional heating theory that when the speed increases, an increase in temperature of the interface is observed [20] which impacts the friction level.
Fade and recovery behavior
Fade plays a crucial role in friction performance of the material. In this present study, the FM01 composite produced enhanced results compared to the FM02. This increase in brake factors is mainly due to the following reasons. The tribological performance of the friction materials is dependent on adhesion, deformation of the materials as well as working temperature conditions. It is essential that the friction materials should have optimal thermal conductivity because when the thermal conductivity is higher, it has a negative impact on the brake fluid, and when the thermal conductivity is lower, it leads to the degradation of the organic ingredients. In the present work, the steel fibers possess higher thermal conductivity compared to the stainless steel fibers [3, 7] , which leads to the dissipation of heat through the materials. This, in turn, increases the temperature in the liner as well as the interface. Also, the abrasive nature of the steel fiber which is used may increase the temperature at the interface. Another important reason for the increase in friction value of the FM01 is due to the higher temperature strength of the steel fibers due to the presence of higher carbon content which creates microstructural changes by forming ferrite with pearlite structure. This makes the steel fibers to withstand such high temperature. The percentage fade of the FM01 is -0.8%, which denotes the negative fade, and the same is reported by Park et al. [5] . Highly negative fade leads to an increase in stick-slip phenomenon behavior. This is caused when static friction is more than the dynamic friction, attributing to the highest adhesion of steel fibers with the mating surface. The percentage fade of FM02 is 24.1%, though it is somewhat high compared to the FM01; the positive fade is always acceptable since negative fade will cause squeal. So, the positive fade does not cause such problems like squeal noise as observed by others [5, 14] . Another factor was the porosity, and if it is a higher value, lesser is the squeal. This also infers that the FM02 will reduce the squeal [21] . The study of noise squeal for the composites is the near future scope of this study. It is known that the absorption of heat and energy are prominent for higher porosity, which could lead to positive fade. It is visualized in Fig. 6(b) , more undulations in the graph which are mainly due to the stainless steel fibers which get exposed during the cycle and another reason would be due to the abrasive wear of the worn surface particles from the mating surface which trap between the interface and cause such changes. These types of undulations are also seen in Ref. [12] . Due to the abrasive action of steel fibers leading to higher friction of steel fiberbased friction composite compared to the stainless steel fiber-based friction composites. Thus, there is an increase in temperature in the drum as well as the liner. Another aspect is that even if the thermal conductivity is high if effusivity is less then there will be an increase in temperature. Similarly, the effusivity of the FM01 (2.127 Jm
. This is in accordance with the findings of Kumar and Bijwe [18] . So, the FM01 has a high temperature which is 1.1 times in the case of the liner, while it is 1.02 times for drum than the FM02. This is the type of higher temperature rise behavior is also seen in the findings of Jang et al. [4] and Kumar and Bijwe [18] . The fade and recovery behaviors with liner and drum temperature rise of the FM01 and the FM02 are shown in Figs. 6(a) and 6(b), while fade and recovery rate percentage observed with a maximum rise in drum and liner temperatures are given in Fig. 6(c) .
Recovery is an important phenomenon for regaining the desired friction parameters upon cooling. Due to the cooling of the braking surface, the friction film formation contributing abrasive mechanism (third body abrasion leading to rolling abrasion) and reduced deformation of films by its composition are responsible for the difference in fade and recovery behavior [11] . As seen in Fig. 6(b) , the recovery curve increases in case of FM02 composites which was mainly due to the porosity, because it helps to increase the friction value by enabling cooling during braking as stated in Ref. [10] . There are some changes (ups and down), i.e., a decrease in coefficient of friction for some range with which are mainly due to the change in the rheology between the surface layer and wear debris as reported by Ji et al. [22] . The composites which recover well after fade cycles are considered to be beneficial, in the case of the FM01, which shows slightly higher recovery due to the abrasive nature of the steel fiber compared to the stainless steel fiber that could have formed more third bodies enabling such increase in value. A similar trend was observed by Bijwe and Kumar [3] .
The developed model was subjected to hexahedron meshing which showed 83676 Nodes and 14996 elements. Then the model developed was subjected to an equivalent stress condition with maximum liner temperature based on data obtained from Fig.6 (c) was fed as input (upper limit temperature). Based on the thermal stress distribution of the friction composites as shown in Figs. 7(a) and 7(b), the maximum and minimum stresses developed on the composites FM01 are 5.619102 and 1.871234 MPa, while FM02 composites showed 4.255294 MPa, and 1.309044 MPa respectively. From Figs. 7(a) and 7(b), it is also seen that maximum stress was found on the sides which are due to the reduced mating contact with the drum which may be due to a reduction in contact area [23] .
The decreased stress development in FM02 composites is very beneficial since increased thermal stress causes enhanced failure of the composites. Also, the key factor for this reduced thermal stress is due to the less aggressive nature of the composite to the mating surface leading to the lesser temperature rise in the composites that was fed as an input factor.
Brake jamming and wet recovery
Brake jamming test is mainly to measure the morning sharpness of the friction material. The FM02 composite produced better results than the FM01 as shown in Fig. 8 , which is mainly due to the chromium content in its chemical constituents that causes a protection layer which prevents the vulnerability to corrosion. The steel fibers when exposed to water spray, it starts corroding thus forming an oxide film on the surface of the composite, and the detailed study on corrosion is done in forthcoming sections. The oxide film formed acts as a lubricant thereby leading to reduced friction, which requires the driver to press the brake very hard. This is a very problematic situation because the driver needs the same level of comfort throughout the braking material's lifespan, this inconvenient situation may also lead to an increase in stopping distance, which could also constitute the scope of future work. Another important fact is that in the case of brake jamming, only water is sprayed on the surface, so upon braking, it gets dried up. However, it is in the range of dry friction alone, because it is a common postulate that water decreases the temperature at the interface and also forms a hydrodynamic film at the interface [24] . But it is seen that within this speed range, the pressure developed by the water is not able to withstand the load, thereby leading to an increase in friction by solid-solid contacts [25] .
In the case of water recovery, the composites are dipped in the water for 2 minutes. Initially, the brake factor is lesser, then it gets increased to an extent, after which it gets deteriorated as shown in Fig. 9 . A similar trend is also reported by Blau et al. [20, 26] . This increase in friction value (brake factor) is mainly due to the metallic ingredients, which gets in contact with the mating surface thereby leading to increase in sound noise [27] . The effect of sound noise during dry and wet conditions of braking is the scope for future study. It is also stated in Martens-Stribeck theory that the friction should reduce, as it enters mixed and elastohydrodynamic regions. But the behavior of friction material is quite complicated in wet conditions due to the influence of water, mechanical and thermal stress [28] . The brake factor obtained for both the composites had slight variations which may occur due to the hard fiber exposure at the contact interface with the drum. 
Wear performance
Wear is a complex phenomenon in the friction composites that possesses many mechanisms namely abrasive, adhesive, and oxidation, etc. The wear loss of the composites upon various testing conditions and its drum wear are shown in Fig. 10 . It is postulated that commonly friction (brake factor in this study) and wear do not correlate in most of the cases; higher the friction, higher the wear will be [6] . Similarly, FM01 composites produced more wear compared to the FM02. The possible reasons for such behavior are discussed below. The steel fiber being hard and abrasive due to the presence of higher carbon content than stainless steel increased the friction level in the friction composites and created higher heat generation and temperature rise at the braking interface that enables the degradation of polymeric ingredients leading to material debonding thus increase in wear rate. Another possible reason could be the higher interface temperature in FM01 that causes the severe plastic deformation at the interface leading to the production of coarse cast iron particles and leading to abrasive wear [29] . These large iron oxides are formed in the loose wear particles, leading to the suggestion that tribo-oxidation not only occurs in steel fibers but also in cast iron surface which leads to the major wear mechanism as stated in Ref. [30] and the formation of such particles is confirmed using elemental mapping in Fig. 12 . The porosity also plays a vital role in the removal of heat from the pad surface, which also leads to a better wear resistance [7] . This higher porosity helps in preventing the degradation of polymeric ingredients as in the case of the FM02 composite. Another reason is that stainless steel fiber being less hard prevents the damage of the counter surface thereby producing good plateaus which act as a barrier by trapping the worn materials [31] . The drum loss is severe for the FM01 composites when compared to FM02. This is similar to the findings of Jang et al. [4] , where the steel fiber creates more rubbing surfaces causing large oscillations leading to higher wear, as observed in the previous works [3, 7] . The more wear of the mating surface is mainly due to the hard nature of the steel fibers that causes ploughing action on the counter surface. This hard behavior of the steel fiber is due to the increase in carbon content influencing its 14 Friction | https://mc03.manuscriptcentral.com/friction microstructure. While the stainless steel fiber as stated above is less hard and doesn't cause such behavior. In Fig. 10 , the leading edge has more wear compared to trailing edge due to more self-load of the drum.
Worn surface characterizations
Scanning Electron Microscopy (SEM) was very helpful in determining the characteristics of the worn surfaces. Friction films formation is one of the important criteria for tribological performance which will vary according to environmental conditions as well as material performance during braking. Generally, two types of films will be formed: one is loose granular film while the other is dense sheet film. The primary plateaus are formed by adhering fibers which play a key role in arresting the fine wear particles from movement at the interface; thus the loose granular films are formed. These loose fine wear particles which are the main constituents of polymeric ingredients, aramid, etc., stick together with an increase in pressure and temperature during braking, thus forming secondary plateaus [32] leading to dense film formations. It is stated that primary plateaus have a load-bearing capacity as well as boost friction, while the secondary plateaus deteriorate the same. So, it is always advisable to have more primary and less secondary plateaus [3, 6, 11] . The FM02 composite shows more primary plateaus which are seen as black patches in Fig. 11(a) , with less secondary plateaus, compared to the FM01 composites as shown in Fig. 11(b) . The sliding direction is also seen in both figures. It is also clearly visualized in Fig. 11(b) that the primary plateaus get nucleated leading to the reduction of friction properties. This is because dense films upon growing by the mating surface it forms loose granular films and the more rotor wear causes such induced nucleation. The size of the primary plateaus are analyzed using the image analysis technique [33] in which FM02 shows an average of 1.300012527 μm size plateaus while the FM01 is 0.411437435 μm. The closure view of the samples tested in dynamometer showing plateaus formation is given in Figs. 11(c) and 11(d) for the FM02 and the FM01 respectively. Upon an increase in temperature, the polymeric and less stable ingredients get worn out and thus generate debris from the sliding surfaces fill between the friction materials or diffused to the mating surface [7] . This shows plateaus and the transfer film formation in Fig. 11(d) .
The stability of the friction film plays an important role in good friction as in the case of the FM02, which shows stable friction film. This is visualized by the coverage of the sliding surface with patches. In the case of Fig. 11(e) , the fibers are visible in the sliding direction [34] . It is visualized, since the abrasion mechanism has taken place between the friction materials and the mating surface, and it also shows the compacted fibers for the enhancement of friction value. There are more back transfer of less thermally stable ingredients on the surface of FM01, which deteriorate the friction behavior as visualized in Fig. 11(f) .
The firm bonding of stainless fibers with matrix is shown in Fig. 11(g) , which is due to the better adhesion property with the binder matrix [12] . There is more formation of spalling pits in Fig. 11(h) , which is mainly due to the hard fibers that get broken by forming hard asperities. This leads to more abrasive wear and due to more interface temperature, and the formation of cracks [20] . In the case of Fig. 11(i) , there are fewer cracks formed compared to the FM01 as shown in Fig. 11(j) . The poor bonding between the steel fiber and the matrix also shows more crack propulsion, debonding, and fiber pull out upon exposure to braking cycles [31, 35, 36] .
To confirm the transfer of drum wear debris and plateau formation elemental mapping, Energy Dispersive X-ray analysis (EDAX) was performed on the worn surface of the developed composites. The worn surface of FM01 composites showed more secondary plateaus as explained in SEM Fig. 11(b) and also represented in Fig. 12(a) as '2', while the primary plateaus are denoted as '1'. It is clear from the wear testing that FM01 showed more drum wear which causes more back transfer of Iron (Fe) and Manganese (Mn), with oxide (O) upon oxidation from drum made of cast iron to get transfer to the softer area (i.e., the secondary plateaus) as shown in Figs. 12(b) , 12(c), and 12(f). This back transfer is mainly due to hightemperature rise caused by more abrasive nature of the steel fibers in the composite upon mating with the drum. To confirm that it's the back transfer of low thermal stable ingredients that causes secondary plateaus C and O (Figs. 12 (d) and 12(f) ) mapping confirmed the same. A mapping study of Aranganathan and Bijwe [37] , stated that the presence of C and O in the mapping of brake friction materials denotes resin and low thermal stable ingredients.
Even the presence of 'S' in Fig. 12 (e) denotes the crumb rubber and sulfur that are present in the formulation in the secondary plateau region '2'. Figure 12 (g) denotes the EDAX spectrum of secondary plateau region which is further marked as '3' in Fig. 12(a) . It is clear from the spectrum that more Fe, Mn, C, and O are the back-transfer elements, smaller traces of Mg, Si from vermiculite, and Ca from Calcium Carbonate. In the case of FM02 where the worn surface electron image is shown in Fig. 13(a) in which '1' denotes the primary plateaus which are more in number as shown in Fig. 11(a) , '2' denotes the secondary plateaus which is lesser as compared to FM01.
To confirm the back-transfer rate from drum since FM02 composite was very less aggressive to drum, the elemental mapping Figs. 13(b), 13(c), and 13(f) showed less area coverage compared to FM01. While Figs. 13(d)-3(f) show the back transfer of the less stable ingredients like aramid, resin, and rubber, etc. To confirm the presence of rubber (secondary binders and additives) Fig. 13(e) , elemental mapping of sulfur proved the same; even it is also seen in secondary plateau region '2'. Also, the region denoted as '2' showed the presence of Fe and Mn, with C and O, because it is back transfer of less stable ingredients with drum wear debris. While the '1' denoted region showed much less content because it is merely the compaction of thermally stable ingredients. To find out the composition of primary plateaus, the EDAX was done for spectrum denoted as '3' in Fig. 13(a) . The EDAX spectrum Fig. 13(g) shows Fe, O, C, and Mn which are also from the back transfer of drum wear debris which gets entrapped in the primary plateaus similar is confirmed with mapping except for O which is not present in it. Furthermore, while the Cr with Fe, C, Mn, and Mg denotes the stainless steel fibers content which also possesses such ingredients in its chemical composition as shown in Table 1 . The 3D surface profile of the dyno tested FM01 and FM02 composites are shown in Figs. 14(a) and 14(b) respectively. The surface roughness was more in the FM01, which is due to more wear causing undulations on the surface. It is seen in Fig. 14(a) that 3D profile showed less blue peaks, which confirms that the load-bearing capacity is less and it does not enhance the friction. While in the case of the FM02 as shown in Fig. 14(b) where the opposite behavior is seen. The blue peaks denote the contact plateaus and abrasion tracks showing the sliding [36] . The surface roughness of the FM02 is 2.0 μm, but for FM01 it is 2.5 μm. Similarly, the higher value of surface roughness corresponds to the wear due to fiber tear, abrasion, etc. in the larger amount as reported by other researchers [38] . Thus, the FM02 is a good performer in worn surface characterizations, due to its better friction and wear behavior.
Corrosion behavior of developed friction composites
The corrosion behavior of the developed friction composites is shown in Figs. 15(a)-15(j) . When the steel fibers are subjected to corrosion, initially there is an increase in the weight of the fiber in the presence of a medium and due to the presence of oxide ions. It adheres to its surface and forms the ferric oxide, which possesses rusting nature. Once the sample is removed from the medium, there is a decrease in weight which is due to rusting of the materials left as the residue in the solution. The samples tested were subjected to weight change, and the same is reported in Table 4 . This type of behavior was mainly seen in humidity, NaCl and normal water-based testing only. In the case of Brake fluid oil dipped test, there is no change in weight. Generally, when the composite samples are subjected to the fluid medium, there is the absorption of fluid in the samples. However, in the present work, it was not seen as the sample once obtained from the solution medium is wiped off using a clean cloth to remove the excess fluid on its surface and then it is kept in a vacuum desiccator for 2 hours, and after that, it is weighed. It is also clear from the water swell test that the developed samples do not swell when subjected to the liquid environment. Generally, in the case of steel, the iron present in steel loses some electrons to become positively charged materials [39] . This, in turn, reacts with oxygen and water molecules to form iron hydroxide as shown in Eq. (2) .
The oxygen is readily available in water in excess quantity, which reacts with the iron hydroxide. This produces hydrated iron oxide commonly known as brown rust as shown in Eq. (3). This brown rust is seen in Fig. 15(c) which is denoted by the circles, in the case of the 3D profile. It is clear from the depth of the profile that a similar trend was seen in Djafri et al. [40] . In the case of 5% NaCl based solution, chloride ion possessing negatively charged reacts destructively with the oxide layer [41] . The anion concentration in the electrolyte is an important factor concerning the electrolyte behavior of protector (the oxide that is formed at the top steel surface) [42] . Thus, it is too sensitive to form the present iron oxide layer. The iron which reacts with the oxygen present in the salt 15(e) , it is apparent that corrosion is more in the case of the FM01, the steel fiber-based composites. Another fact is that in the case of FM01, more surface variations were observed due to the presence of hard reinforcing materials in the matrix, which would also induce flaws leading to more pitting corrosion. This is similar to the findings of Alaneme and Bodunrin [43] . There is a reduction in weight of the tested composite as shown in Table 4 . These surface variations are seen in Fig. 15(a) virgin samples of the FM01. Thus, it is visible from the microscopic images and 3D profile that the FM01 materials are corroded, due to the presence of steel fiber content by its pitting and undulations with red and green color in 3D images.
The pH was measured in all cases before and after the test to confirm that the effect was only due to the material reaction and not by any external factor. It was also discussed by Alaneme and Bodunrin [43] explaining that pH value would vary slightly upon an increase in the exposure time but will remain constant throughout the test. There is no formation of rust in the FM02 composites which is due to the presence of stainless steel fibers that possess chromium content that helps to prevent the attack of fluid medium that causes corrosion by forming a protective layer.
In the case of the brake fluid oil-dipped samples, the sample does not cause any pitting corrosion compared to others as seen in Table 4 .
This FM02 and FM01 prove that brake samples are not affected by the oil. The surfaces are shown in Figs. 15(g) and 15(h), where there are small deviations in peaks. These are mainly due to the grinding of the samples done at the end of manufacturing and also due to the ingredients which are present on the surface.
In the case of humidity tested composites, there were more pits in the case of FM01 samples, which are evident from the 3D profile as shown in Fig. 15(i) .The encircled region in the microscopic images shows the pitting formation. Light green color depicts the depth of the pits in 3D surface profile. It is very clear from the previous studies of Chau et al. [8] that zeolite coated steel fiber-based friction materials are treated in nitric acid and compared with the bare steel fiberbased friction composites. It was observed that bare steel fiber-based composites formed the more corrosive layer, while the zeolite coated remained unreacted.
Extension evaluation method for ranking the developed friction composites
The ranking of the developed brake friction composites was done based on extension evaluation method (EEM) procedure. The EEM helps for general ranking/selection of the friction composites. This procedure will be helpful in decision-making tool for the developers (formulation makers), manufacturers and end users [44] . This procedure uses weighed average-dependent degree which is defined as the friction stability of the composites that can be used to compare the quality and to rank them accordingly. Thus, it is assumed there is an interval X = <a, b> and a point M  X, the dependent function of any point x  (-∞, +∞), for the interval X and 'M' point is expressed as given below in Eq. (4). , ( ) ,
Then, the basic dependent function k(x) has the following properties:
(a) k(x) reaches its maximum at point x = M, and
In the case of tribological performance where the brake factor of different tests are ranked and in which x is the brake factor, the dependent function reached its maximum at the middle point of the interval
Then the dependent function is expressed using the following Eq. (5).
Upon substituting the brake factor values, the typical dependent function for unbedded performance at 50 kmph is given in Eq. (6) .
Unbedded performance at 50 km/h is
Similarly, all the other tribo-performance testing with results which are also brake factors are solved by substituting into Eq. (5). The following results are obtained as shown in Table 5 . As we have seen in the before sections that negative fade rate (drastically varying with FM02) is noticed in FM01, this results in higher dependent function value during this solving in case of 11( ) kb x for FM01 in that particular case.
To find the overall ( ) kb x for the brake factor calculation, the Eq. (7) is used. 
Upon substituting the Table 5 values in Eq. (6), we get ( ) kb x for FM01 as 0.3814 and FM02 as 0.4427. Then the developed composites were evaluated based on the wear performance using the test results obtained from Section 3.2.5. The wear rate is measured in the form of thickness loss, and the individual intervals are <a,b>, where each value in the interval has the same weight. The maximum value is reached for the dependent function when the wear rate is lower. The dependent function is thus given by the following Eq. (8) [45] .
Five values are obtained for each test, each side (LHS and RHS), each edge (leading and trailing), and each composite (FM01 and FM02) . Based on the test results in value by substituting in Eq. (8) , the dependent function is calculated for various wear tests and tabulated in Table 6 . The typical equation for performance testing trailing edge LHS side is shown in Eq. (9) .
To find the overall wear dependent function ( ) kw x for the tested composites, the Eq. (10) Based on the results of ( ) kb x and ( ) kw x (brake factor and wear rate), the weighted average dependent degree overall ( ) k x which describes the overall quality of the developed composite is determined using Eq. (11) .
By substituting the desired values obtained from Eqs. (7) and (10) 
Conclusions
Based on the studies of steel fiber (FM01) and stainless steel fiber (FM02) based friction composites, it was revealed that stainless steel fiber-based friction composites confirmed good brake performance characteristics with positive fade, less drum, and less liner wear. While in the case of steel fiber-based friction composites, it produced negative fade, aggressive drum, and liner wear, thereby increasing the temperature and consequently causing more thermal stress. SEM and elemental mapping studies of steel fiber-based friction composites visualized more back transfer of polymeric ingredients in combination with drum wear debris due to high-temperature rise caused by the abrasive action of steel fibers. Corrosion studies showed that steel fiber-based friction composites are liable to pitting and oxidation corrosion due to their steel fiber content. Thus, the FM02 composites possessing stainless steel fiber as a variable ingredient in the friction composite formulation could be a positive alternative solution for the problems caused by steel fiber-based friction composites, and this was proved using extensive evaluation method of ranking.
Appendix
Appendix I-Manufacturing methodology involved in the development of brake liner is given below in Table A1 . He holds an Indian patent in his name in the field of brake friction materials. He has 14 years of research experience and 10 years of teaching experience. His areas of expertise are friction materials, tribology, powder metallurgy, natural fiber composites, processing of polymer products, nonconventional machining, composites processing, and shape memory alloys. 
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